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The Temperature-Dependent Mechanics of Human Articular Cartilage Under
Large-Strain Shear
Lauren E. Marshall, B.S.E.
University of Connecticut, 2019
Articular cartilage is a soft tissue that facilitates joint movement and protects bone con-
tact surfaces. Human articular cartilage sees a range of temperatures in vivo depending
on external thermal conditions. Researchers recently demonstrated that cartilage dissi-
pates energy during physiological loading to elevate the temperature to enhance cell vi-
ability. Despite these important insights, researchers often consider the knee isothermal,
thus the large deformation mechanical response under transient thermal conditions remains
largely unknown. We aimed to quantify the mechanical responses at 24◦C, 40◦C, 70◦C,
and 24◦C repeated, and apply our data to determine whether the mechanical responses of
cartilage vary within the range of temperatures relevant in vivo, and the effects of super-
physiological temperatures on cartilage’s mechanical responses both during and after ther-
mal treatments. We prepared a total of 36 cubic specimens from medial and lateral femoral
condyles of female and male human patients (36 ± 8.43 yrs, M ± SD). We applied large
simple shear displacements parallel to the local alignment of the collagen network at 10%
and 15% of the specimens thickness. Our results suggest the mechanical response does de-
pend on temperature in the in vivo range and is strongly influenced by super-physiological
temperatures, shown by a significant reduction in the peak-effective shear modulus and
peak-to-peak stress. Furthermore, given the reduction in strain-energy dissipation in the
human knee with the increase of temperature, it may be a sufficient and self-correcting
mechanism for elevating the temperature of chondrocytes to their optimal metabolic con-
dition. These additional insights to the mechanics of cartilage may suggest new treatment
targets for damaged or osteoarthritic tissues.
ix
1. Introduction
Osteoarthritis (OA) is a musculoskeletal disease characterized by the degeneration of artic-
ular cartilage that affects the world’s aging population and impacts economics on a national
scale. When OA progresses, the cartilage becomes severely damaged and is ineffective at
joint articulation, resulting in chronic pain and limited mobility for most patients. Arthritis
is the leading cause of disability in the United States (Yelin et al. 2007), and as of 2008 an
estimated 27 million American adults have clinical OA (Lawrence et al. 2008). In 2003,
arthritis and other rheumatic conditions cost an estimated $128 billion in the United States
(Yelin et al. 2007).
Once OA is advanced, a common treatment is a total joint replacement, an expensive
surgical procedure with a long recovery period. In the US alone, more than 400,000 hip
and knee replacements are performed each year, totaling an annual cost exceeding $10 bil-
lion. This rate is projected to increase as the growing global population ages (March and
Bachmeier 1997, Lawrence et al. 2008). Thus, there exists an urgent economic motivation
to understand the mechanics of articular cartilage’s degeneration to treat this disease and
prevent its onset.
OA is a multi-factoral disease where mechanics play a key role. The disease begins after
chemical changes in the cartilage alter the mechanical performance and the tissue is unable
to support in vivo loads. Secondary, or post-traumatic, OA has an identifiable cause such as
a joint or ACL injury in years prior (Athanasiou et al. 2016). Primary OA, however, has no
exact cause, but several risk factors can predispose individuals to developing the disease.
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For example, OA is more common in elderly patients, particularly those over the age of 65
(Mansour 2013). Obesity increases the risk of developing OA, likely due to higher joint
load (Cicuttini et al. 1996). Injury to ligaments and the meniscus have been linked to OA in
the knee, attributed to loss of stability and altered joint alignment. There are several other
risk factors as well, including a combination of sex, genetics, and individual mechanics
and biochemistry (Mansour 2013).
The role of intra-articular joint temperature as a risk factor for and a symptom of OA
and other rheumatic diseases provides an area for further investigation. Ammer (2012)
reports a mean knee temperature of 32.6◦C in healthy patients compared to progressive
increases to 33.5◦C in patients with OA and 35.1◦C in patients with rheumatoid arthritis
(RA). Degenerative joint diseases are known to elevate intra-articular temperatures slightly
(Horvath and Hollander 1949). This invites a consideration of the tissue mechanics’ effect
on temperature regulation, specifically in regards to friction and viscous dissipation. It has
been recorded that the viscous nature of cartilage increases the joint temperature during
activity (Abdel-Sayed et al. 2014, Becher et al. 2008). The flow of synovial fluid does not
prevent this (Moghadam et al. 2015). Typically, the core human body temperature, 37◦C,
is assumed but thermal fluctuations in extremities indicate a need for understanding the
tissue’s mechanics at various temperatures.
1.1. Cartilage Tissue Constituents
The basic structure of articular cartilage is characterized by chondrocytes suspended in an
extracellular matrix (ECM), collagen fibers, proteoglycans, water, and various other pro-
teins. Articular cartilage is approximately 68-85% water, 10-20% collagen fibers, 5-10%
proteoglycans, and less than 4% chondrocytes (Mow et al. 2005). Chondrocytes, living
cells, are sensitive to their mechanical and chemical environment and will die under severe
conditions. They are not able to freely replicate, thus articular cartilage experiences irre-
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Figure 1.1.: Layered structure of articular cartilage reveals the varied arrangements of
chondrocytes and collagen fibers. (Buckwalter et al. 1994)
versible degradation when the mechano-biological environment is unfavorable. Collagen
fibers provide the structural framework for the tissue and resist compressive forces. Type
II collagen is the most abundant, occupying up to 95% of all the fibers, with the remain-
ing composed of Types I, IV, V, VI, IX, and XI, which function to stabilize the type II
fiber network (Sophia Fox et al. 2009). Proteoglycans (PGs) are protein macromolecules
responsible for cartilages stiffness. The molecules are negatively charged, and when com-
pressed they repel each other (Mansour 2013). The complex interplay of these constituents
generate the remarkable mechanical responses of healthy cartilage.
Articular cartilage is organized into four distinct layers: the superficial, middle, deep,
and calcified zones, visualized in Fig. 1.1. Nearest the surface is the superficial zone (STZ),
made primarily of tightly packed Type II and Type IX collagen fibers arranged parallel to
the surface. This distribution is responsible for protecting the deeper layers from shear
stresses. In the middle zone (MZ) the collagen fibers are thicker and exhibit isotropic ori-
entation. This zone experiences compressive forces first before they are transferred to the
load-bearing deep zone (DZ). The collagen fibers in the DZ are oriented perpendicularly
to the surface, ensuring bone adhesion during loading (Mansour 2013).
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Figure 1.2.: During compressive loading, there is a large lateral displacement due to the
tissue’s high Poisson’s ratio. Thus, shear stress is an important component of
the stress state. (Mansour 2013)
In vivo loads range from one to six MPa while walking (Kaplan et al. 2017) up to 18 MPa
during sit-to-stand motion (Hodge et al. 1986). Although cartilage undergoes many com-
pressive loads, at high magnitudes shear stress becomes a large component of the stress
state. Figure 1.2 illustrates the shear stress induced due to the tissue’s high Poisson’s ratio
of 0.5 (Butz et al. 2011). Furthermore, large shear strains (greater than 5%) are induced
when two convex surfaces, such as condyles in a knee joint, are in compression (Chan
et al. 2016). Shear loads have also been linked with chondrocyte death and the secretion of
proinflammatory factors (Athanasiou et al. 2016).
Most biological tissues display time-dependent creep and stress relaxation. Creep occurs
when the sample’s deformation increases with a constant applied stress. Stress relaxation
occurs when the stress decreases when the sample is exposed to a constant applied strain.
Articular cartilage exhibits both of these behaviors, and is therefore often treated as poroe-
lastic (from time-dependent fluid permeation) or viscoelastic (from solid constituents).
Cartilage also exhibits viscous energy dissipation due to the fluid flow through the solid
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Table 1.1.: Summary of mechanical parameters pertaining to articular cartilage
Mechanical Parameter Value Units Source
Tensile Modulus 0.30 - 1.0 MPa Mow et al. (2005)
Tensile Modulus 0.45 - 0.80 MPa Mansour (2013)
Equilibrium Shear Modulus 0.23 MPa Mow et al. (2005)
Poisson’s Ratio 0.0 - 0.40 - Mow et al. (2005)
Poisson’s Ratio 0.0 - 0.40 - Mansour (2013)
Permeability 10−15 - 10−16 m4/Ns Mansour (2013)
matrix (Mow et al. 2005). In this study, we analyze this viscous energy dissipation as the
strain-energy dissipation density. Additionally, since articular cartilage is comprised of
solid and fluid constituents, it is often modeled as a biphasic medium. The proteoglycans,
collagen fibers, chondrocytes, and various proteins within it constitute the solid phase, and
are often approximated as an incompressible elastic material (Young’s modulus ranges 0.3
to 1.0 MPa). The interstitial fluid portion is assumed to behave as incompressible and in-
viscid (Mansour 2013).
Mechanical data available for articular cartilage currently presents a range of values for
most parameters, since the tissue varies through the thickness. Data for basic mechanical
measures are presented in Table 1.1. The Poisson’s Ratio varies between 0 and 2.1 since
cartilage is highly anisotropic during loading. During instantaneous loading in compres-
sion, the Poisson’s Ratio is 0.49 (Wang et al. 2003), thus the tissue can be modeled as a
biphasic, instantaneously incompressible, viscoelastic material for a short time response
(Mow et al. 2005). Lame´’s second parameter (corresponding to the shear modulus of the
underlying matrix in the reference configuration) is approximately 0.23 MPa (Pierce et al.
2016).
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1.2. In Vivo Thermal Properties
Several studies have noted a temperature difference in joints in extremities, particularly as
they relate to joint performance and health. Horvath and Hollander (1949) were the first
to measure skin and intra-articular temperatures in the elbow and knee. They measured
joint temperatures of healthy humans at rest between 31.4◦C and 32.8◦C. In patients with
degenerative diseases, skin temperatures were normal but joint temperatures were moder-
ately elevated. The highest recorded temperatures were a case of gout, 37◦C, and a case of
rheumatoid arthritis in the elbow, 36.2◦C. Becher et al. (2008) noted a temperature discrep-
ancy between outdoor alpine skiers and indoor joggers at rest and after one hour of exer-
cise. After 60 minutes of activity, the joggers’ intra-articular temperature rose from median
31.4◦C to 37.5◦C, a statistically significant increase. The highest recorded intra-articular
knee temperature in the jogging group was 38.8◦C. The skiers’ intra-articular temperature
decreased from median 32.2◦C to 31.1◦C, which was not a statistically significant change.
The lowest temperature recorded in the skiing group after one hour was 24.4◦C, indicating
a 16◦C range for intra-articular knee temperatures during various external conditions after
one hour of activity. This paper’s findings also question the effect of sports environments
on the ability of the tissue to self-regulate to an optimal temperature for homeostasis, and
whether this may affect athlete predisposition for cartilage degeneration over time. A sum-
mary of rest temperatures in healthy and diseased cartilage is summarized in Table 1.2.
Table 1.2.: Summary of resting joint temperatures in humans
Tissue Health Rest Temperature (◦C) Source
Healthy 31.4 - 32.8 Horvath and Hollander (1949)
Healthy 31.4 - 32.2 Becher et al. (2008)
Healthy 32.6 Ammer (2012)
Healthy 33 Abdel-Sayed et al. (2014)
Diseased, Gout 37 Horvath and Hollander (1949)
Diseased, OA 33.5 Ammer (2012)
Diseased, RA 35.1 Ammer (2012)
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Energy dissipation and heat transfer by synovial fluid affect the thermal conditions of
the knee joint, and these mechanisms of regulation can be diminished by age and disease
(Bali and Sharma 2011, Moghadam et al. 2015, Abdel-Sayed et al. 2014). Moghadam
et al. (2015) presented a numerical study of the heat transfer created by synovial fluid in a
healthy knee joint and showed that the local joint temperature increases during cyclic load-
ing due to its viscous energy dissipation. Synovial fluid cannot counteract the temperature
increase by energy dissipation, but it does counteract a temperature increase by friction
during articulation (Bergmann et al. 2001).
Several studies characterized some thermomechanical properties of articular cartilage
and synovial fluid experimentally and for use in numerical models. These values are sum-
marized in Table 1.3. It is important to note that these properties intrinsically depend on
temperature history and mechanical load, yet the values presented are characterized for a
specific set of conditions.
Table 1.3.: Summary of thermal properties of human articular cartilage
Characteristic Value Units Source
Heat capacity, cp, at 33◦C 3.99 J/g K Abdel-Sayed et al. (2014)
Heat capacity, cp, at 37◦C 4.11 J/g K Abdel-Sayed et al. (2014)
Heat capacity, cp 3200 ± 130 J/kg K Moghadam et al. (2015)
Heat capacity of synovial fluid, cf 3900 ± 95 J/kg K Moghadam et al. (2015)
Thermal conductivity, kp 0.21 ± 0.06 W/m K Moghadam et al. (2015)
Thermal conductivity of
synovial fluid, kf 0.62 ± 0.11 W/m K Moghadam et al. (2015)
Heat transfer coefficient, λ 0.77 ± 0.32 J/m2s Moghadam et al. (2015)
Stretching Parameter, β 0.43 at 24◦C - June and Fyhrie (2010)
Stretching Parameter, β 0.33 at 60◦C - June and Fyhrie (2010)
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1.3. Thermal-Based Treatments
The broader impacts of understanding thermal effects on articular cartilage include fur-
thering the understanding of current treatments and illuminating potential new treatment
targets for OA and rheumatic diseases. There are local and distant effects of hyperthermia
on patients with joint disease. Local effects include an increase of elasticity of collagen
fibers with heat, pain relief, decreased muscle tension, increased blood flow, and tissue
metabolism acceleration. Distant effects include heat transfer by blood flow and increased
biological reactions (Takahashi et al. 2009). Oosterveld and Rasker (1994) concluded treat-
ments that increase intra-articular temperature may be unsuitable for treating OA because
an increased joint temperature accelerated degeneration. More specifically, collagenolysis
was increased by four times in a knee with RA (joint temperature 36◦C) over a healthy
knee (joint temperature 33◦C). Interestingly, they also noted the activity of destructive en-
zymes found in arthritis is negligible at temperatures at or below 30◦C, thus they suggested
cooling treatments to prevent the advance of degeneration in RA.
Several studies focus on the effects of temperature on live tissue viability. Takahashi
et al. (2009) investigated the effects of temperature on heat shock protein 70 (Hsp70),
which is responsible for inhibiting apoptosis of chondrocytes, as they relate to both local
and distant effects. Thermal treatments may not only affect local and distant effects, but
they may also enhance the activity of Hsp70, protecting OA cartilage from further degener-
ation. Furthermore, OA is characterized by the degradation of cartilage ECM, which may
be prevented by controlled joint temperature treatments.
Ito et al. (2014) assessed ECM production at various in vivo temperatures and concluded
the optimal temperature was between 32◦C and 37◦C. Tests at 41◦C showed inhibited col-
lagen production and decreased DNA content. Peltonen et al. (1980) also concluded that
collagen cannot fold into its characteristic triple helix conformation at 40◦C. Hojo et al.
(2003) focused on chondrocyte viability and proteglycan metabolism as a function of tem-
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perature and time. They concluded there exists a threshold of time-temperature combina-
tion that below which will positively affect cell viabilty and proteoglycans, but beyond this
temperature negative effects begin. Heating at 41◦C for 15 or 30 minutes produced positive
effects, whereas heating at 43◦C for 30 minutes producted negative effects. Thus, time and
temperature must be considered as a treatment target for OA.
Kaplan et al. (2003) aimed to probe the relationship between temperature, time and
cell viability and cartilage function as they relate to thermal chondroplasty. Thermal chon-
droplasty utilizes a laser to debride the surface of fibrillated cartilage to return it to a smooth
surface. They found metabolic activity of chondrocytes declined with increasing thermal
exposure from 45, 50, or 55◦C. One week after exposure, proteoglycan metabolism was
able to recover in samples with lower amounts of thermal stress (50◦C for one and three
minutes). They also tested arthritic tissue, which was significantly more susceptible to
thermal damage. Although the reason needs further investigation, they suggested the chon-
drocytes in arthritic tissue may experience a higher exposure due to the ECM’s inability
to protect individual chondrocytes. Voss et al. (2006) claimed the temperatures reached
in thermal chondroplasty are above the threshold of chondrocyte recovery. They treated
humeral head cartilage from sheep at 37, 45, 50, 55, 60, or 65◦C for 5 minutes and eval-
uated viability up to two weeks post-treatment. They noted a significant decrease in live
cells as the temperature increased, with a sharp increase in cell death between 50 and 55◦C.
Their conclusions support the claim that thermal chondroplasty damages cell viability and
may not result in long-term improvement of the tissue’s performance.
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1.4. The Interaction of Temperature and Mechanics
Currently, few articles discuss the mechanical thermal response of articular cartilage, de-
spite knowledge that intra-articular temperatures can vary based on tissue health, external
conditions, and activity level. No articles, to our knowledge, have investigated thermal
effects on the shear response of articular cartilage. Abdel-Sayed et al. (2014) report the
intrinsic energy dissipation of the viscoelastic tissue is responsible for a 3.7◦C warming of
the tissue after one hour of walking. Several previous studies report the intra-articular tem-
perature at rest is 33◦C (Becher et al. 2008, Ammer 2012). Through a mathematical model
supported by experimentally determined thermal parameters, the authors show the energy
dissipated raises the temperature to 36.7◦C, which is the optimal temperature for proteogly-
can and hyaluronic acid production. Furthermore, they demonstrated degenerated cartilage
dissipated far less energy, raising its temperature after activity to under 34◦C. This suggests
a relationship between the tissue’s health and its ability to maintain an optimal temperature
for the cells and molecules within it.
June and Fyhrie (2010) characterized the broad biomechanics of cartilage at various tem-
peratures, up to 65◦C. They observed a “thermal transition” at 64◦C where the viscoelastic
phase angle peaked during cyclic loading. They attributed this transition to the melting
of the crystalline regions of collagen, which occurs at this temperature (Flory and Garrett
1958). This study also observed that as temperature increases, peak and equilibrium stiff-
ness decrease and stress relaxation is faster. They attribute these observations to the fluid
component of the tissue.
Behrou et al. (2018) modeled the effect of temperature on the poro- and viscoelastic
properties under confined and unconfined compression in a numerical study. They con-
firmed that temperature has a significant influence on the mechanical behavior of cartilage
at various temperatures in the early loading stages. However, to our knowledge, no studies
have investigated the thermal effects on the shear response at (physiologically motivated)
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large strains.
Researchers widely study the thermal denaturation of collagen fibers. Flory and Gar-
rett (1958) were the first to note a “melting” point for the crystalline regions of collagen at
64◦C. Liao et al. (2011) coined the “decrimping” stage of denaturation in type I collagen of
porcine ACL. Using SHG miscroscopy, they demonstrated the microscopy was a better in-
dicator of the collagen denaturation process than free shrinkage. In the decrimping stage,
the proteoglycan cross-links are broken, but the collagen helix is still intact, thus minor
shrinkage is observed but a loss of SHG signal is not. After the decrimping, the shrinkage
becomes more significant, and the SHG intensity begins to decrease, which describes the
beginning of the collagen helix uncoiling. At final denaturation, the shrinkage stops and
the SHG signal disappears completely. The free shrinkage of the fibers is caused by the
hydrolysis of intramolecular hydrogen bonds (Matteini et al. 2012).
Accurate numerical modeling of cartilage under various temperatures cannot be achieved
until experimental values of several parameters are determined. Parameters such as spe-
cific heat, thermal conductivity, and thermal diffusivity depend on direction, load, and pre-
vious thermal damage and must be characterized as functions of these parameters. Rates
of thermal denaturation must be determined as functions of temperature and mechanical
load history. Current models can predict denaturation based on temperature changes, but
many do not factor mechanical load. Lastly, stress-strain relationships must be based on
the changing state of the denatured tissue: shrinkage of collagen fibers within the tissue
will change the mechanical loading case and therefore the rate of thermal damage (Wright
and Humphrey 2002).
Models of heating effects on soft tissues will provide a mechanical and chemical under-
standing of current super-physiological heating treatments. Wright and Humphrey (2002)
claims these treatment advances have been propelled by new heating device technologies
such as powerful lasers and microwaves, rather than a deep understanding of the altered
tissue mechanics in response to heating. They cite a “pressing need” to quantify thermal
12 1 Introduction
changes on a cellular and tissue level to identify and continue using appropriate thermal
treatments for patients.
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1.5. Aims
Given that articular cartilage experiences a range of temperatures in vivo (Ammer 2012,
Becher et al. 2008, Horvath and Hollander 1949, Abdel-Sayed et al. 2014), we aim to
quantify the mechanical responses at 24◦C, 40◦C, 70◦C, and 24◦C repeated, and apply our
data to determine (1) whether the mechanical responses of cartilage vary within the range
of temperatures relevant in vivo, and (2) the effects of super-physiological temperatures on
cartilage’s mechanical responses both during and after thermal treatments. We performed
large-strain shear tests at three temperatures: 24◦C, 40◦C, and 70◦C (24◦C - 40◦C to mimic
the in vivo range, and 70◦C to mimic potential treatments). We observed shear responses
such as shear stress-strain, peak-to-peak stresses, and strain-energy dissipation density.
One specimen from each patient was tested at 24◦C, 40◦C, and 70◦C, and then cooled back
to 24◦C and tested. We also assessed specimens with imaging techniques (SHG, TEM, and
histology).

2. Methods
2.1. Specimen Preparation
We selected specimens from patients of healthy articular cartilage from lateral and medial
condyles. We kept specimens frozen at -80◦C until testing. Upon thawing, we determined
the local split line direction by pricking the articular surface of the cartilage with a dissect-
ing needle dipped in India ink (Carballido-Gamio et al. 2008).
We extracted 3x3 mm2 full-thickness specimens using a square punch, ensuring one edge
of the specimen remained parallel to the local SLD. We trimmed the bone surface parallel
to the articular surface while leaving the cartilage-bone interface intact to ensure in-situ
boundary conditions for testing. We used a digital precision caliper to measure the dimen-
sions of the cubic specimen, excluding subchondral bone. We submerged any specimen
not immediately tested in Phosphate Buffered Saline (PBS) and stored them individually
at -80◦C. Specimens experienced two freeze-thaw cycles at -80◦C (Szarko et al. 2010).
A summary of patient data is in Table 2.1. We selected a close range of ages (36.6 yrs ±
8.43, n = 5) from both male and female healthy human knee patients.
2.2. Triaxial Shear Testing
We mounted specimens to two steel platens, one covered in fiberglass and one covered in
ABS plastic using cyanoacrylate gel. The top platen was rigidly connected to a triaxial load
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Table 2.1.: Patient Data
Patient Sex Age Orientation Location
- - yrs - -
1 F 37 L LC
2 M 45 L MC
3 F 37 R LC
4 F 21 L LC
5 M 43 R MC
cell (K3D60, Me-Messsysteme, Henningsdorf, DE) mounted to a movable platform (z-
direction). The bottom platen was connected to a biaxial translation stage (x-, y-direction).
The load cell’s resolution is 0.17 mN with a linear error ≤ 0.2 %. The stroke resolution in
the x- and y-direction is 0.25µm and 0.04µm in the z-direction. The temperature of the
PBS bath was monitored by a Pt100-94 temperature probe of Class-A accuracy (± 0.15◦C).
The probe was connected to a Lauda-Brinkmann ECO Silver water heater with a feedback
loop into the testing software. To minimize interference of room temperature fluctuations
on the readings, we insulated the probe along its length.
We tested each specimen at 10% and 15% applied shear strain. First, we mounted the
tissue to the platens with cyanoacrylate gel, compressed with 0.2 N force and allowed to
dry for five minutes. After glue dry, we removed the compressive force and added PBS and
protease inhibitors (Sigma Aldrich, St. Louis, MO) to prevent tissue degeneration. Once
the PBS reached 24◦C, the tissue rested for 2000 s to allow for fluid saturation (Boettcher
et al. 2016). Then, we applied a pre-compression load of 1% of the original thickness
before allowing the tissue to rest for 3000 s. The application of the simple-shear displace-
ments proceeded at 75µm/min parallel to the SLD in six full cycles for each strain mag-
nitude, ± 10% and ± 15% (Maier et al. 2017). We measured three axial reaction forces
and displacements in time. Between loading cycles, the tissue rested for 3000 s. After both
loading cycles at 24◦C, we heated the PBS to 40◦C and performed the same loading cycle,
and repeated this at 70◦C. The temperature ramp rate was 2◦C/min. After each increase in
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temperature, we removed any compressive forces and let the tissue rest for 3000 s to reach
equilibrium. We tested one specimen from each human patient immediately after the 70◦C
loading cycle again at 24◦C.
Figure 2.1.: Water bath temperature and input displacement over time.
2.3. Image-Based Assessments
We imaged a pristine, unloaded sample after thermal treatment at the three temperatures
of interest: 24◦C, 40◦C, and 70◦C. Specimens were stored at -80◦C, removed before test-
ing, and thawed at ambient temperature. We placed the sample directly in a heated PBS
bath for four hours, the approximate duration of time spent at each temperature during the
mechanical test. After four hours, we removed the sample from the bath and immediately
placed it in the SHG microscope for imaging.
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We performed SHG imaging (Zeiss LSM 510, Oberkochen, DE) at three temperatures
of interest (24, 40, 70◦C). We used a tunable Ti: Sapphire laser (Coherent Chameleon,
Santa Clara, CA) at 850 nm for excitation of the nonlinear signal. We acquired the signals
in non-descanned detection using a specialized filter (425 ± 13 nm bandpass filter; FF01-
425/26-25, Semrock, Rochester, NY). For all images, we used a water-immersion objective
(W Plan-Apochromat 20x/1.0) and a 600× 600µm (2480× 2480 pixel) field of view. We
mounted specimens on a platen to keep SLD orientation consistent across all images.
We prepared specimens for TEM by heating a 3 × 3 mm3 cube for four hours at three
prescribed temperatures: 24◦C, 40◦C, and 70◦C. After heating, we trimmed the bone and
fixed the specimens in 3% glutaraldehyde, 3% paraformaldehyde, 0.05% w/v tannic acid
in 0.1 M PIPES buffer for two hours. Next, we sliced the cuboids into 0.5 mm-thick pieces
parallel to the SLD. We fixed specimens overnight. We performed post-fixation with 1%
osmium tetroxide for one hour and en bloc staining with saturated 2% uranyl acetate in
50% ethanol for 15 minutes. We rinsed the specimens in buffer solution before placing
them in 2.5% Reynold’s lead citrate for three minutes. We dehydrated specimens in graded
ethanol before clearing with propylene oxide. We infiltrated and embedded the specimens
with Spurr’s resin and polymerized the resin in a flat-bottom embedding capsule for 24
hours at 70◦C. We cut 50 nm sections using a Diatome Ultra 45◦ diamond knife on a Leica
Ultracut UCT ultramicrotome and collected the 1-2 mm sections on copper 50-mesh grids.
We performed TEM imaging on a FEI Tecnai 12 G2 Spirit BioTWIN LaB6 transmission
electron microscope (FEI Company, Hillsboro, OR) at 80 kV with a 4 megapixel 2k XR40
CCD camera (Advanced Microscopy Techniques, Woburn, MA).
We measured representative collagen fibril diameters in the middle 1130 × 1130 pixel
region of each image to preserve fibril clarity and remove any edge effects approaching the
superficial and deep zones. We calculated the median fibril diameter at each temperature
and the percent change in fibril diameter at each temperature comparison (24-40◦C, 40-
70◦C, and 24-70◦C). For image processing and fibril measurement we used Fiji ImageJ2
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(Rueden et al. 2017, Schindelin et al. 2012).
We also prepared histological sections of pristine, unloaded tissue treated at each of the
three temperatures for the same time duration. After thermal treatment, specimens fixed
in 10% neutral buffered formalin for one week, and then 0.1% Ethylenediaminetetraacetic
acid (EDTA) for a second week. We stained the sections with Safranin-O or PicroSirius
Red to detect qualitative changes to the proteoglycan and collagen fiber contents, respec-
tively. We selected samples for microscopy from the same patient and in close proximity
on the condyle to preserve inter-sample homogeneity.
2.4. Data Analysis
We calculate the shear strain γ and shear stress τ as
γ =
∆l
L
, (2.1)
τ =
f
A
, (2.2)
where ∆l is the applied displacement, L is the original thickness of the tissue, f is the
measured force parallel to the SLD, and A is the cross-sectional area of the specimen.
We calculated strain-energy dissipation density per unit volume (EDI), peak-to-peak
shear stress (τPP), and the peak-effective shear modulus (GPE) for each test, averaged
over three cycles to prevent preconditioning effects. The strain-energy dissipation density
is given by:
EDI =
∮ γmax
γmin
τdγ, (2.3)
where γmin and γmax are the minimum and maximum shear strains of a loading cycle. The
peak-to-peak shear stresses were calculated by taking the difference between the maximum
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and minimum shear stresses averaged over the last three loading cycles. τPP is given by:
τPP = τ(γmax)− τ(γmin). (2.4)
We calculated the peak-effective shear modulus by finding the slopes of linear least-
squares fits over 10 progressive data points along the stress-strain curves. For each mag-
nitude of shear strain applied (±10%, ±15%), the positive and negative slopes are defined
as:
G+ =
τavg
γavg
, for τavg ≥ 0 and γavg ≥ 0, (2.5)
G− =
τavg
γavg
, for τavg < 0 and γavg < 0, (2.6)
where τavg is the vertical projection of the best-fit line and γavg is the complementary hori-
zontal projection. GPE was determined by averaging G+ and G− at each strain magnitude
(Santos et al. 2017).
For all of our calculations we used MATLAB (MathWorks, Natick, MA). A graphical in-
terpretation of the calculations based on the shear stress-strain hysteresis loop is presented
in Fig. 2.2.
2.5. Statistical Analysis
We performed an a priori power analysis after 20 tests, which confirmed 36 tests total were
necessary to reach the desired 80% power. The minimum number of samples (n = 36) was
determined based on µ1
σ
= 0.95 (80% significance, 83.2% power). Using our preliminary
data, we estimate a difference in means of 0.397 mJ/mm3 strain-energy dissipation den-
sity with an increase in temperature from 24◦C to 40◦C, and with a standard deviation of
0.42 mJ/mm3. We chose to base our power analysis on the smallest difference between the
three mechanical parameters calculated to provide the most conservative sample size.
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Figure 2.2.: Interpretation of mechanical parameters (Maier et al. 2019)
We also performed a post-hoc power analysis to confirm sufficient power. Then we
checked if the data was normally distributed using a Shapiro-Wilk test in MATLAB. For
consistency, we report median and interquartile ranges [Q3, Q1]. We then performed the
Wilcox rank sum test to assess statistical significance in the mechanical response between
temperature levels. To probe at inter- and intra-patient variability, we used the Kruskal-
Wallis test by ranks with patient (P1-5), joint location (L1-7), anatomical position (medial
or lateral condyle) as categorical variables. We also assessed the influence of thickness
and age with Pearson’s correlation coefficient r. We performed statistical analysis in SPSS
Statistics 25 (IBM Corporation, Armonk, NY) with p < 0.05 for significance.

3. Results
We performed a total of 216 shear tests using 36 healthy human cartilage specimens from
five male and female patients. We present a representative shear stress-strain response in
Fig. 3.1. We observed a nonlinear stress-strain relationship with distinct hysteresis for both
magnitudes of applied strain at all temperatures.
The Shapiro-Wilk test for normality revealed data for strain-energy dissipation density,
peak-to-peak shear stresses, and peak-effective shear moduli were not all normally dis-
tributed. Therefore, we only compare medians of mechanical responses for consistency.
We show median and interquartile ranges for these parameters. The specimen thicknesses
are normally distributed (1.99 mm ± 0.432, M ± SD).
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Figure 3.1.: Representative shear stress-strain plots of the (a) in vivo temperature range and
(b) the super-physiological temperature compared to in vivo. Note reduction
of peak-to-peak shear stress and strain-energy dissipation as temperature in-
creases in (a), and a recovery of strain-energy dissipation and peak-to-peak
shear stiffness upon cooling to 24◦C in (b).
3.1. Temperature-Dependent Mechanics
We show box plots of the complete mechanical data in Fig. 3.2. The Wilcox rank sum
test revealed significant differences in strain-energy dissipation density, peak-to-peak shear
stress, and peak-effective shear modulus measured under all three temperatures at both
strain magnitudes. At 15% strain magnitude, all differences were significant by p < 0.001.
In the five repeated 24◦C tests, strain-energy dissipation density was significantly different
from the original 24◦C cycle at both strain magnitudes, but the peak-to-peak shear stresses
and peak-effective shear moduli were not significantly different.
There is an obvious reduction in strain-energy dissipation density, peak-to-peak shear
stress, and peak-effective shear modulus with increasing temperature. There is a maximum
value for the strain-energy dissipation density at 70◦C 15% strain that is higher than the
maximums at 24◦C and 40◦C.
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Figure 3.2.: Box plots of (a) strain-energy dissipation density, (b) peak-to-peak shear stress,
and (c) peak-effective shear modulus. Medians and interquartile ranges are
presented by the boxes. Outliers are marked with +, significance level p <
0.001 marked with *.
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Table 3.1.: Summary of mechanical data. Medians and interquartile ranges [Q3, Q1] are
presented for each applied strain and temperature.
EDI (mJ/mm3)
γ (%) 24◦C 40◦C 70◦C 24◦C Repeated
10 4.259 3.627 2.757 5.827
[4.923, 3.867] [4.133, 3.022] [3.525, 2.237] [7.143, 5.593]
15 9.805 8.906 4.990 14.39
[11.33, 8.204] [9.946, 7.319] [7.865, 3.226] [16.35, 13.40]
τPP (kPa)
γ (%) 24◦C 40◦C 70◦C 24◦C Repeated
10 263.1 232.7 170.0 292.9
[328.0, 219.1] [285.3, 175.5] [206.8, 140.1] [326.4, 283.8]
15 432.3 406.8 210.3 475.8
[524.4, 359.7] [486.0, 334.3] [266.8, 160.0] [537.7, 423.7]
GPE (MPa)
γ (%) 24◦C 40◦C 70◦C 24◦C Repeated
10 0.4290 0.3596 0.3253 0.4930
[0.4956, 0.3524] [0.4534, 0.2640] [0.3685, 0.2213] [0.5844, 0.3615]
15 0.5134 0.4324 0.2678 0.4931
[0.5855, 0.3992] [0.5171, 0.3156] [0.3343, 0.1836] [0.6118, 0.4044]
Table 3.2.: Statistical significance p-values of Wilcox rank sum test for thermal dependence
of mechanical parameters. A * denotes statistical significance, ie., p < 0.05.
EDI τPP GPE EDI τPP GPE
Comparison 10% Strain 15% Strain
24-40 <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*
24-70 <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*
40-70 0.003* <0.001* 0.014* <0.001* <0.001* <0.001*
24-24 Repeat 0.043* 0.500 0.225 0.043 0.500 0.080
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3.2. Image-Based Assessments
Figure 3.3.: SHG images show little change upon heating from (a) 24◦C to (b) 40◦C to (c)
70◦C for four hours and immediately imaged. Depths of SHG images taken
are 80-120µm within the superficial zone. TEM images show fibril swelling
from (d) 24◦C to (e) 40◦C to (f) 70◦C. Depths of TEM images taken are in the
middle zone (approximately 50% of sample thickness), evidenced by random
alignment of collagen fibers. Magnification of TEM images is 11000x.
Images taken on the SHG confocal microscope immediately after heating (Fig. 3.3(a-c))
reveal little structural change to the collagen network from 24◦C to 40◦C. In the images,
the SLD is aligned vertically to the image. We see preferential alignment of the fibers
corresponding to the superficial zone in which we image. We observed no loss or reduction
of signal upon heating to 70◦C.
We present transmission electron microscopy images in Fig. 3.3(d-f). The medians of all
fibril diameters within the region of interest at 24◦C is 0.0720µm, increasing to 0.0905µm
at 40◦C and 0.1060µm at 70◦C. This corresponds to a 22.8% increase in diameter in the in
vivo range from 24-40◦C and 38.2% increase from 24-70◦C.
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Histological images of thermally treated samples are in Appendix B. Note that only the
SHG samples are imaged at the relevant temperature.
3.3. Inter- and Intra-Patient Variabilities
The Kruskal-Wallis test by ranks revealed no significant differences in mechanical re-
sponses among joint locations. (Note: for peak-to-peak shear stress at 70◦C 15% applied
strain, p = 0.05.) We present box plots for each mechanical response by joint location in
Fig. 3.4 and corresponding values in Tables 3.3 and 3.4. Although most responses appear
stiffer in the PFG, this difference is not statistically significant.
The Kruskal-Wallis test by ranks revealed significant differences among patients and
between medial and lateral condyles at some but not all temperatures and applied strain
magnitudes. When grouped by patient, the strain-energy dissipation density varied signif-
icantly at 24◦C at both strain magnitudes and at 70◦C at 10% strain magnitude. Peak-to-
peak shear stresses varied significantly at 24◦C at 10% strain and at 40◦C at both strain
magnitudes. Peak-effective shear modulus varied significantly only at 40◦C at 15% strain.
When grouped by anatomical position (lateral or medial condyle), there were no signifi-
cant differences in strain-energy dissipation density, but peak-to-peak shear stresses varied
significantly at 40◦C 15% strain. Peak-effective shear moduli varied significantly at 24◦C
15% and at 40◦C at both strain magnitudes. Data for statistical significance by inter- and
intra-patient variability are presented in Tables 3.5, 3.6, and 3.7.
3.4. Influences of Thickness and Age
We found no significant difference in the measured thicknesses of the specimens among
patients (p = 0.560) or among joint locations (p = 0.231). patient-averaged thickness by
location is presented in Fig. 3.6(a). We found one statistically significant difference based
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Figure 3.4.: Summary of mechanical responses among joint locations. (a), (c), (e) are at
10% applied shear strain and (b), (d), (f) are at 15% applied shear strain.
on thickness in peak-to-peak shear stress at 70◦C at 15% strain. The representative scatter
plot and linear fit is presented in Fig. 3.6(b). We calculated Pearson’s correlation coeffi-
cient, r, for the linear fit. The relationship shows a moderately strong negative correlation
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(r = -0.7038).
Figure 3.5.: Summary of mechanical responses distributed among patient ages. (a), (c), (e)
are at 10% applied shear strain and (b), (d), (f) are at 15% applied shear strain.
Statistical significance marked with * (p < 0.05).
We found some significant differences in the mechanical responses based on patient
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Figure 3.6.: (a) Patient-averaged thickness grouped by joint location. We found no statis-
tically significant differences in specimen thicknesses among the 5 patients or
among the 7 joint locations. (b) Linear fit for peak-to-peak shear stress de-
pending on thickness at 70◦C at 15%. This response had the only significant
correlation with thickness.
age. Both the strain-energy dissipation densities and peak-to-peak shear stresses at 24◦C
and 40◦C at both strain magnitudes were statistically significant. The peak-effective shear
modulus was significant at 40◦C 15% strain only. These results are very similar to the
Kruskal-Wallis test by ranks grouped by patient, which may explain the statistical signifi-
cance in these groups. Box plots grouped by patient age are in Fig. 3.5 and corresponding
data is presented in Table 3.8. We present data for statistical significance by thickness and
age in Tables 3.9 and 3.10.
The full data set of specimen dimensions and thicknesses by patient and condyle are in
Appendix A.
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Table 3.3.: Summary of mechanical responses by joint location (patellofemoral groove,
L1-3) presented by medians and interquartile ranges [Q3, Q1].
Patellofemoral Groove
T (◦C) γ (%) 1 2 3
EDI (mJ/mm3)
24 10 4.244 4.241 4.713
[5.096, 3.795] [5.335, 4.023] [4.945, 3.982]
24 15 10.44 9.804 10.05
[12.79, 8.508] [12.40, 8.121] [3.525, 2.237]
40 10 3.593 3.604 4.104
[4.180, 3.180] [5.568, 2.909] [4.250, 3.747]
40 15 8.667 8.919 9.408
[9.574, 7.752] [11.70, 6.995] [11.53, 8.525]
70 10 2.474 2.454 3.227
[3.363, 2.288] [2.740, 1.556] [4.146, 2.225]
70 15 6.279 2.848 5.102
[7.212, 4.400] [5.749, 2.669] [7.919, 4.410]
τPP (kPa)
24 10 279.7 224.3 354.9
[328.3, 189.1] [320.6, 206.1] [368.0, 252.1]
24 15 472.3 388.8 524.4
[519.7, 324.2] [528.2, 347.9] [596.6, 419.1]
40 10 244.7 215.1 289.1
[4263.1, 180.5] [296.2, 177.3] [330.7, 237.0]
40 15 420.2 395.9 486.0
[479.0, 313.4] [508.3, 327.9] [549.7, 403.4]
70 10 166.3 128.7 176.4
[197.5, 132.3] [171.9, 128.7] [217.5, 147.2]
70 15 248.1 160.9 207.3
[297.0, 195.7] [176.7, 126.4] [224.8, 164.5]
GPE (MPa)
24 10 0.4699 0.4843 0.4817
[0.5693, 0.3303] [0.6244, 0.4843] [0.5438, 0.3927]
24 15 0.5112 0.5870 0.5662
[0.6191, 0.3565] [0.6531, 0.5172] [0.6035, 0.4959]
40 10 0.3925 0.4246 0.4171
[0.4639, 0.3925] [0.5352, 0.3418] [0.4704, 0.3591]
40 15 0.3685 0.5090 0.5065
[0.5089, 0.3089] [0.6003, 0.4513] [0.5628, 0.3776]
70 10 0.2436 0.2080 0.3680
[0.3319, 0.1454] [0.3771, 0.1809] [0.3995, 0.2411]
70 15 0.2775 0.1695 0.2719
[0.3159, 0.2369] [0.2609, 0.1274] [0.3212, 0.1612]
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Table 3.4.: Summary of mechanical responses by joint location (lateral and medial
condyles, L4-7) presented by medians and interquartile ranges [Q3, Q1].
Lateral and Medial Condyles
T (◦C) γ (%) 4 5 6 7
EDI (mJ/mm3)
24 10 4.594 4.675 3.564 3.372
[4.673, 4.128] [5.462, 3.607] [4.358, 2.541] [4.839, 1.906]
24 15 9.501 10.38 6.145 7.772
[11.19, 9.292] [11.48, 8.414] [9.922, 5.670] [11.14, 4.406]
40 10 3.545 4.106 2.312 2.532
[3.754, 3.254] [4.548, 3.150] [3.229, 1.835] [3.375, 1.689]
40 15 8.441 9.773 5.287 6.671
[9.330, 7.722] [10.44, 7.503] [8.208, 3.924] [8.976, 4.367]
70 10 3.460 3.040 2.460 3.205
[3.784, 2.943] [3.994, 2.896] [2.786, 2.037] [4.141, 2.269]
70 15 6.596 7.298 3.851 6.545
[9.505, 3.133] [8.571, 5.124] [4.651, 3.139] [11.17, 1.92]
τPP (kPa)
24 10 268.6 281.9 219.5 185.5
[305.6, 239.4] [338.8, 221.1] [273.3, 172.5] [240.9, 130.2]
24 15 430.4 472.7 282.7 307.0
[498.7, 409.6] [539.0, 368.9] [424.6, 278.0] [379.1, 234.9]
40 10 206.3 258.9 159.2 163.3
[265.6, 193.6] [292.9, 197.6] [240.9, 140.6] [191.6, 134.9]
40 15 379.0 436.3 372.5 283.7
[462.0, 353.3] [484.1, 348.2] [426.8, 234.2] [331.5, 236.0]
70 10 203.2 190.0 150.2 180.5
[257.0, 176.5] [249.0, 147.3] [181.2, 143.7] [245.3, 115.7]
70 15 280.1 193.7 210.5 217.3
[354.2, 242.1] [246.5, 142.8] [212.9, 140.3] [321.2, 113.3]
GPE (MPa)
24 10 0.4097 0.4131 0.4026 0.2856
[0.4255, 0.3579] [0.4785, 0.3562] [0.4433, 0.3103] [0.3185, 0.2527]
24 15 0.4740 0.5461 0.3977 0.3333
[0.5252, 0.4054] [0.5624, 0.4790] [0.4329, 0.3597] [0.3815, 0.2851]
40 10 0.3500 0.4079 0.2367 0.2782
[0.3798, 0.2748] [0.4673, 0.3116] [0.3113, 0.2291] [0.3058, 0.2506]
40 15 0.4036 0.4573 0.3465 0.3043
[0.4624, 0.2866] [0.5518, 0.3714] [0.3909, 0.2414] [0.3326, 0.2760]
70 10 0.3175 0.3859 0.3143 0.3091
[0.3560, 0.2996] [0.4048, 0.3510] [0.3569, 0.2510] [0.3421, 0.2760]
70 15 0.3719 0.2018 0.2231 0.2477
[0.4294, 0.3170] [0.2660, 0.1687] [0.3041, 0.1893] [0.3250, 0.1704]
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Table 3.5.: Statistical significance p-values of Kruskal-Wallis test by ranks grouped by pa-
tient (1-5). A * denotes statistical significance, ie., p < 0.05.
EDI τPP GPE EDI τPP GPE
Comparison 10% Strain 15% Strain
24 0.035* 0.026* 0.120 0.049* 0.055 0.200
40 0.056 0.011* 0.171 0.059 0.023* 0.041*
70 0.033* 0.368 0.437 0.216 0.853 0.802
24 Repeat 0.406 0.406 0.406 0.406 0.406 0.406
Table 3.6.: Statistical significance p-values of Kruskal-Wallis test by ranks grouped by
condyle (medial or lateral). A * denotes statistical significance, ie., p < 0.05.
EDI τPP GPE EDI τPP GPE
Comparison 10% Strain 15% Strain
24 0.973 0.460 0.060 0.460 0.191 0.048*
40 0.123 0.081 0.019* 0.240 0.019* 0.027*
70 0.298 0.283 0.115 0.973 0.481 1.00
24 Repeat 1.00 0.083 1.00 0.248 0.083 1.00
Table 3.7.: Statistical significance p-values of Kruskal-Wallis test by ranks grouped by joint
location (1-7). A * denotes statistical significance, ie., p < 0.05.
EDI τPP GPE EDI τPP GPE
Comparison 10% Strain 15% Strain
24 0.633 0.398 0.130 0.487 0.239 0.082
40 0.101 0.211 0.206 0.296 0.232 0.146
70 0.379 0.406 0.283 0.539 0.050 0.168
24 Repeat 0.362 0.284 0.284 0.532 0.362 0.362
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Table 3.8.: Summary of mechanical responses by patient age presented by medians and
interquartile ranges [Q3, Q1].
Ages (y)
T (◦C) γ (%) 21 37 43 45
EDI (mJ/mm3)
24 10 3.914 4.872 4.389 4.560
[4.087, 3.677] [5.084, 4.277] [5.164, 2.977] [5.021, 4.037]
15 8.525 11.33 10.16 9.944
[9.731, 7.818] [13.32, 9.804] [11.54, 6.427] [10.84, 7.691]
40 10 3.199 4.095 3.194 3.311
[3.649, 3.033] [4.279, 3.703] [3.905, 2.243] [4.021, 2.092]
15 7.752 9.673 8.071 7.907
[8.973, 5.565] [11.02, 8.893] [9.470, 5.567] [9.147, 5.936]
70 10 2.610 2.546 3.572 1.917
[3.081, 2.417] [3.460, 1.940] [4.146, 3.156] [2.669, 1.580]
15 5.677 5.001 8.571 3.081
[6.306, 2.848] [7.917, 4.255] [10.16, 3.552] [3.571, 2.868]
τPP (kPa)
24 10 219.9 346.6 243.6 272.4
[258.0, 162.6] [370.4, 250.2] [279.9, 185.9] [297.8, 244.2]
15 365.6 526.0 402.0 426.0
[459.1, 289.7] [608.6, 403.4] [457.9, 284.0] [479.2, 343.7]
40 10 181.3 287.0 194.3 238.9
[242.2, 168.3] [322.5, 247.3] [212.7, 149.0] [266.2, 187.4]
15 400.3 494.0 346.1 396.1
[438.9, 331.4] [526.9, 401.5] [379.5, 257.3] [437.8, 304.1]
70 10 173.4 186.1 211.9 156.3
[186.1, 128.7] [226.8, 137.1] [269.5, 159.9] [184.9, 135.4]
15 215.9 196.1 248.7 211.2
[274.4, 159.0] [229.7, 160.9] [366.5, 141.6] [215.8, 163.1]
GPE (MPa)
24 10 0.4367 0.4824 0.3309 0.4281
[0.4920, 0.3688] [0.5708, 0.4246] [0.3931, 0.2856] [0.4745, 0.4045]
15 0.5040 0.5766 0.4070 0.4219
[0.5689, 0.4535] [0.6360, 0.4777] [0.5393, 0.3403] [0.4912, 0.3916]
40 10 0.3715 0.4209 0.2817 0.2912
[0.4606, 0.2600] [0.4768, 0.3639] [0.3305, 0.2593] [0.4120, 0.2259]
15 0.4324 0.5077 0.3429 0.3259
[0.4634, 0.2494] [0.5753, 0.4570] [0.3928, 0.2838] [0.4933, 0.2873]
70 10 0.2648 0.3117 0.3402 0.3810
[0.4027, 0.2080] [0.3680, 0.1908] [0.3584, 0.3221] [0.4080, 0.2826]
15 0.2378 0.2809 0.2306 0.2587
[0.2784, 0.2001] [0.3384, 0.1695] [0.3315, 0.1637] [0.3604, 0.2099]
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Table 3.9.: Statistical significance p-values of Kruskal-Wallis test by ranks for thickness.
A * denotes statistical significance, ie., p < 0.05.
EDI τPP GPE EDI τPP GPE
T (◦C) 10% Strain 15% Strain
24 0.091 0.125 0.259 0.075 0.205 0.265
40 0.307 0.159 0.190 0.069 0.510 0.203
70 0.098 0.228 0.102 0.193 0.014* 0.248
Table 3.10.: Statistical significance p-values of Kruskal-Wallis test by ranks for age. A *
denotes statistical significance, ie., p < 0.05.
EDI τPP GPE EDI τPP GPE
T (◦C) 10% Strain 15% Strain
24 0.023* 0.013* 0.083 0.023* 0.029* 0.117
40 0.036* 0.008* 0.094 0.031* 0.012* 0.019*
70 0.068 0.384 0.368 0.146 0.776 0.711
4. Discussion
We were the first to probe the temperature dependence of human articular cartilage under
large shear strains (up to 15%) in the in vivo and super-physiological ranges. We aimed to
determine whether the mechanical response of cartilage changes both in vivo and during
and after super-physiological thermal treatments. Similar experiments have tested human
cartilage at in vivo and super-physiological temperatures in compression (June and Fyhrie
2010) and cyclic loading (Abdel-Sayed et al. 2014). We used a large-strain shear testing
setup described by Maier et al. (2017). Tissue samples underwent two freeze-thaw cycles,
which have been shown to have a negligible effect on mechanical performance according
to Szarko et al. (2010).
Cartilage is a biphasic material consisting of fluid and solid constituents, but we aimed to
capture the response of only the solid constituents (collagen fibers and proteoglycans). We
applied shear-strain deformations at 75µm/min, which Maier et al. (2017) demonstrated
is sufficient to ensure quasi-static loading. Thus, we can neglect any contribution of the
fluid portion of cartilage to our response. The strain-energy dissipation density is a repre-
sentative measure of the mechanics of only collagen fibers and proteoglycans, and is not
influenced by fluid flow.
Our results (Fig. 3.1) show a nonlinear stress-strain relationship with distinct hysteresis
for all temperatures at both strain magnitudes. This hysteresis is characteristic of colla-
gen fibers, the main load-bearing component of human articular cartilage under shear (Zhu
et al. 1993, Silverberg et al. 2014, Griffin et al. 2014). The nonlinearity near the hysteresis
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loop peaks is attributed to the stiffening of collagen fibers as they are loaded more severely
at large shear strains (Buckley et al. 2008, Zopf et al. 2015). Ultimately, our results exhibit
a nonlinear hysteresis and increasing nonlinearity with increasing strain magnitude, as first
reported by Maier et al. (2017).
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4.1. Temperature-Dependent Mechanics
We aimed to determine whether the mechanical response of articular cartilage varies within
the in vivo range. Our statistical analysis revealed significant differences in the three me-
chanical parameters we tested in the extreme bounds of the in vivo range (24◦C - 40◦C). The
significant reduction in strain-energy dissipation we observed in the in vivo range agrees
with Abdel-Sayed et al. (2014), who modeled an asymptotically decreasing strain-energy
dissipation as the intra-articular temperature increased, attributed to the tissue’s viscoelastic
and avascular properties. Moghadam et al. (2015) concurred the joint temperature increase
during loading is caused by the viscous nature of the tissue and its low permeability, and
the synovial fluid flow is not able to prevent this temperature rise, it is only able to prevent a
temperature increase due to friction. Our results also demonstrate decreasing strain-energy
dissipation density as temperature increased to 40◦C. Ito et al. (2014) demonstrated the op-
timal temperature for articular knee cartilage ECM production is between 32◦C and 37◦C,
since collagen production is inhibited at 41◦C. Peltonen et al. (1980) also demonstrated
collagen’s failure to fold into a triple helix conformation at approximately 40◦C. Taken
together, the strain-energy dissipation density may present a sufficient means to maintain
the human knee at a temperature optimal for its homeostasis.
The reduction in peak-to-peak shear stress with increasing temperature indicates a lesser
recruitment of collagen fibers, perhaps due to the disruption of the fibers themselves, or of
the stabilizing cross-linkages. Decreased peak-to-peak shear stress indicates the cartilage
can sustain less stress at higher temperatures, or that it is weaker under shear with increas-
ing temperature. Hosseini et al. (2013) noted softening of cartilage most likely precedes
collagen damage; thus, the lower resistance to shear stress with increasing temperature
may be a precursor to thermal damage of the collagen fibers.
The stiffening at the peak of the hysteresis loop represents the peak-effective shear mod-
ulus, or the stiffest response the tissue can yield under that applied strain. At 40◦C, the
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median shear modulus at 10% strain decreases by 0.0694 MPa, a 16% decrease from the
24◦C median value. At 15% strain, this decrease is 0.0810 MPa, a 16% decrease from the
shear modulus at 24◦C. This trend, however, does not agree with June and Fyhrie (2010),
who found warmer tissue (60◦C) yielded a stiffer response compared to in vivo relevant
temperatures (24◦C) in a dynamic load application. This discrepancy can be attributed to
the different upper range of temperatures tested between our studies (60◦C is below the
“transition point” of collagen fibers) and the different loading modes. They tested samples
in unconfined compression with dynamic, rate-dependent loads, which results in far less
collagen fiber recruitment compared to large-strain shear (Mow et al. 2005). Furthermore,
they used only the middle zone of bovine tissue, which is a largely homogeneous, randomly
isotropic material, and we captured the response from a heterogeneous, full-thickness hu-
man sample. Differences in species (bovine vs. human) may also be at play.
We also aimed to denature collagen fibers by heating the tissue to 70◦C, which was the
highest temperature we could reach as a limitation of our testing apparatus. It is well-
documented that the transition temperature that leads to thermal denaturation of colla-
gen type II fibers is between 60-70◦C, with most literature specifying 64◦C as the exact
transition temperature (Flory and Garrett 1958, Chae et al. 2003, Ignat’eva et al. 2004,
Sobol et al. 1999). Without more sophisticated techniques such as Raman spectroscopy
or calorimetry, we could not confirm the exact extent of thermal denaturation of the col-
lagen fibers within our samples. Our tissue may not have denatured fully due to a range
of factors. First, proteoglycans help stabilize and protect collagen fibers during thermal
denaturation, and the tissue will persist longer at higher temperatures when proteoglycans
are intact (Snowden 1982). Although pure proteoglycans (biglycan and decorin) dena-
ture at 42-46◦C (Scott et al. 2006, Brown et al. 2002), and link protein that stabilizes
the aggrecan-hyaluronan bond denatures irreversibly above 60◦C (Hardingham 1981), the
collagen-proteoglycan interaction may be stabilizing the network and protecting it from
full denaturation. Second, our heating rate may not have been sufficient to produce full
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denaturation of intact tissue. We heated the full-thickness sample directly in a PBS bath,
whereas other studies use lasers to directly heat the surface of the tissue (Fields et al. 2017,
Sobol et al. 1999), often with a relatively fast heating rate. Our heating rate of 2◦C/min and
heating apparatus may not have delivered the thermal energy required to initiate and com-
plete full denaturation. Wright and Humphrey (2002) noted the denaturation temperature
must not be thought of as an inherent property of a material, but rather as a rate-dependent
process controlled by temperature history, mechanical load, tissue hydration, and collagen
cross-linking, which may explain our results’ deviation from the literature.
At 70◦C, articular cartilage displays a lower resistance to shear loads. All three me-
chanical parameters decrease significantly. This lower resistance to shear loads may be
due to hydrolysis of hydrogen bonds and a “bound-to-free” transition of water molecules
within the tissue at the higher temperature. Hydrolysis has been linked to weaker collagen-
proteoglycan interactions (Sobol et al. 1999). The peak-to-peak shear stress and peak-
effective shear modulus is significantly reduced at 70◦C likely because the hydrolysis
weakened the collagen-proteoglycan interactions that provide the tissue’s strength and stiff-
ness in shear (Mow et al. 2005). As we heat the sample, proteoglycans are denaturing,
which results in an increase in permeability and a decrease in bulk stiffness (Mow et al.
2005).
Proteoglycans are also temperature-dependent and demonstrate some reversible denat-
uration phenomena. Aggrecan, which comprises 80-90% of proteoglycans (Mow et al.
2005), has no recorded denaturation temperature to our knowledge, but Hardingham (1981)
discovered the link protein that stabilizes the bond between aggrecan and hylauronan, a
main side-chain GAG, denatures irreversibly at temperatures above 60◦C. The smaller pro-
teoglycans (small leucine-rich repeat proteoglycans, SLRPs), such as decorin and biglycan,
denature at 42-46◦C. Upon cooling, biglycan does not recover its secondary structure, but
decorin refolds completely to its β-sheet conformation (Scott et al. 2006, Brown et al.
2002). Thus, our tissue samples at 70◦C theoretically have denatured collagen fibers and
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proteoglycans, but upon cooling the collagen fibers may “re-form,” decorin may recover its
secondary structure, and some water bridges may result in partial renaturation due to fluid
forming more random molecular water bridges (Wright and Humphrey 2002).
We also aimed to determine how cartilage’s mechanics change after high-temperature
treatments such as thermal chondroplasty or other laser procedures that risk denaturing
collagen fibers. Fields et al. (2017) noted two denaturation events upon heating cartilage:
moderate heating (in the range of 60-70◦C) resulted in a reversible denaturation (local
structural changes), and intense heating (140-200◦C) caused irreversible denaturation due
to the permanent unfolding of the collagen helix. In the lower temperature transition,
polypeptide chains become unfolded from their functionally active state, but the amino
acid linkages remain intact, allowing the change to reverse upon cooling. We noted a
similar phenomenon upon cooling to 24◦C after testing at 70◦C. The cooled tissue dis-
sipated significantly more strain energy, but any differences in peak-to-peak shear stress
and peak-effective shear modulus were statistically insignificant (Fig. 3.1). The change in
strain-energy dissipation density upon cooling may occur because the cooled tissue is less
able to re-hydrate.
When cartilage is heated to approximately 70◦C, the denaturation is characterized by
hydrolysis of water molecules, but upon cooling these hydrogen bonds only partially re-
bind, resulting in the tissue’s inability to re-hydrate after heating (Fields et al. 2017, Chen
et al. 1997). Several studies link a higher tissue hydration level with a lower denaturation
temperature (Miles and Bailey 1999, Trbacz and Wo´jtowicz 2005). Tissue hydration also
affects the mechanical response: hypo-hydrated tissue has a stiffer response compared to
hyper-hydrated tissue (Mow et al. 2005, Pearson and Espino 2013). A hydration-dependent
mechanical response combined with the hydrolysis and partial recovery of bonds surround-
ing the collagen triple helix at high temperatures may explain the significant difference in
strain-energy dissipation density between the first 24◦C loading and the 24◦C repeated
loading upon cooling.
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4.2. Image-Based Assessments
Previous literature shows the use of SHG confocal microscopy to detect loss of birefrin-
gence of collagen type I and type II fibers, attributed to their thermal denaturation (Chen
et al. 2012, Thomsen et al. 1989, Wright and Humphrey 2002, Kim et al. 2000, Lilledahl
et al. 2015). Matteini et al. (2012) noted a reduction in SHG signal of two orders of magni-
tude after the thermal transition of type I collagen. To our knowledge, no paper has shown
the thermal denaturation of type II collagen in intact articular cartilage using confocal SHG
microscopy. However, due to the large volume of literature documenting a loss of signal
after denaturation of collagen and the sequence homology of type I and II collagen demon-
strated by June and Fyhrie (2010), we hypothesized a significant reduction in SHG signal
intensity after extreme heat treatment (70◦C), but the tissue appeared intact after heating
for four hours (Fig. 3.3(c)). This result may be because we did not reach the appropriate
time-temperature equivalence for type II collagen denaturation in a 3 mm sample (Chen
et al. 1997). Additionally, collagen denaturation is governed by many factors including
temperature history, heating rate, mechanical load, tissue hydration, and chemical treat-
ments (Wright and Humphrey 2002), and our combination of heating rate and temperature
history may not be sufficient to denature a sample globally. In other words, we may have
damaged individual collagen fibrils with our time-temperature equivalence, but it was not
sufficient to lead to global collagen fiber denaturation (Sun et al. 2006). An interesting
note is that studies using SHG microscopy to detect a loss of birefringence used high-
power lasers to heat samples, which results in a step-like “immediate” heating. Slower
rates of heating, such as in our experimental apparatus, follow a different kinetic reaction
pathway and result in a limited denaturation rate, whereas rapid heating can drive the de-
naturation rate faster due to additional thermomechanical damage from rapidly-induced
pressure gradients (Sankaran and Walsh 1998).
TEM images (Fig. 3.3(d-f)) reveal swelling of the individual collagen fibrils at 40◦C
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and 70◦C (a 22.8% and 38.2% increase from 24◦C, respectively), an indication of thermal
damage (Barr et al. 1987, Tang et al. 1997, Whittaker et al. 2000). Given the swelling
of collagen fibrils at 70◦C was approximately 106 nm (1.5x the collagen fibril’s normal
diameter (Tang et al. 1997, Mow et al. 2005)), it is evident we initiated thermal damage
to the tissue, but taken together with the SHG images, we did not produce fully denatured
collagen fiber bundles. Thus, our mechanical results at 70◦C capture the response of tissue
with damaged collagen fibers, but not fully denatured fibers.
The PicroSirius-Red stain (Fig. B.2) showed a loss of color intensity in the 70◦C sample,
but only in the deep zone nearest the bone interface. These results are consistent with Lin
et al. (2006), however they admit histology is not the best indicator of tissue denaturation;
SHG microscopy is preferred. The Safranin-’O’ stain (Fig. B.1) shows little change in
the proteoglycan content in the in vivo range. At 70◦C, again there is a loss of color
intensity nearest the cartilage-bone interface. Further investigation is needed as to why
the loss of color began at the bone interface. Voss et al. (2006) reported higher levels
of chondrocyte death in the deep zone after super-physiological heating, attributing the
preferential damage to the cells’ higher metabolism. There may be a connection between
the chondrocyte metabolism and collagen-proteoglycan molecular structure that makes the
deep zone more susceptible to thermal damage, but further investigation is necessary.
4.3. Inter- and Intra-Patient Variabilities
We observed insignificant differences among joint locations and significant differences
among patients. Our inter-patient variability (ie., differences among human patients) ex-
ceeded our intra-patient variability (ie., differences within one knee joint). Although the
loading properties vary between different locations within the joint (Salzmann et al. 2011),
all locations may respond to thermal changes in a similar manner, which would explain
why we do not have significant intra-patient variability.
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We have a very limited history on each tissue patient; we ensure their tissue health by
visual inspection but are unaware if they suffered joint or tendon injury in their past, which
may affect the mechanical performance of their tissue (Athanasiou et al. 2016). We chose
a close age range (36.6 ± 8.43 y, M ± SD), but differences in age may cause significant
differences in patients in a statistical analysis.
4.4. Influences of Thickness and Age
Specimen thickness significantly affected only peak-to-peak shear stress at 15% applied
strain at 70◦C. Maier et al. (2017) found sample thickness affects the mechanical responses
at 15-25% shear strain, while Silverberg et al. (2013) found sample thickness had no effect
in the small strain range. Since our samples are tested at 10 and 15%, the strains may not
be large enough for thickness to have a significant effect.
We found no significant difference in thicknesses across patients or in thicknesses across
joint locations.
Patient age significantly affected some, but not all, mechanical responses, which may be
correlated to the significant differences across human patients in our study. Additionally,
the composition of articular cartilage changes with age, which may contribute to the sig-
nificance of the thermal effects with age. Generally, the hydration decreases and the size
of proteoglycan aggregates decrease as age increases (Sophia Fox et al. 2009).
4.5. Limitations and Outlook
Potential limitations of this work include repeatability in sample preparation. Specimens
were excised from a curved joint surface, and although we attempted to select specimens
from the flattest areas of the load-bearing regions, some skewing of the surface was seen
in some samples. Additionally, due to potential curvature at the sample’s articular surface,
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the SHG images are not exactly parallel to the articular surface. Another limitation is
the significant differences between tissue patients, which may affect the repeatability of
our results. Our TEM and histology imaging methods require the specimen to be cooled
to room temperature while it fixes for several days, which may induce some reversal of
thermal damage before we can image. We can control the sample’s thermal environment
only during SHG microscopy.
This work proposes many new possibilities for studies concerning thermal denaturation
and the changing mechanics of cartilage with temperature. It may help inform the role
of temperature in disease progression and may inform potential new treatment targets for
degenerative diseases such as osteoarthritis. Furthermore, this data set may aid the devel-
opment of a computational model of the human knee joint to predict tissue degeneration
after exposure to various thermal environments.
Future studies should focus on quantifying molecular changes to the collagen network
and associated proteoglycans. Bhole et al. (2009) noted unstrained fibrils are removed
quickly by collagenase enzyme, whereas strained fibrils persist significantly longer and
concluded that collagen networks are mechanosensitive and stabilized by mechanical strain.
They detected these changes by DIC. Another study could use DIC to map collagen fiber
recruitment during in vivo temperature changes and at small to large shear strains (1-20%).
Additional investigation into the use of SHG confocal microscopy to detect full thermal
denaturation of collagen type II fibers in intact cartilage tissue is also needed, since current
literature uses either type I collagen in rat tail tendons or in-vitreous collagen fibrils (ie., not
intact tissue). Immediate investigation should pertain to the role of temperature in advanc-
ing grades of osteoarthritis. Abdel-Sayed et al. (2014) demonstrated diseased cartilage had
less ability to dissipate energy, which could have implications for cell homeostasis. Un-
derstanding the role of joint temperature in disease progression could reveal new treatment
targets for OA and other rheumatic diseases. Furthermore, tracking the role of temperature
in long-term cartilage and joint performance may have interesting implications for disease
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onset in athletes performing in various climates.
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A. Additional Patient Specific Data
Table A.1.: Patient-Specific Data
Patient Specimen ID Age Sex Joint Orientation x-dim y-dim Thickness
- - yrs - - - mm mm mm
1 1-01 37 F LC L 3.03 2.84 2.44
1 1-02 37 F LC L 2.94 3.03 1.67
1 1-03 37 F LC L 3.00 2.89 1.72
1 1-04 37 F LC L 2.87 2.76 1.95
1 1-05 37 F LC L 2.94 3.01 2.05
1 1-06 37 F LC L 2.96 2.94 1.86
1 1-07 37 F LC L 3.01 3.01 1.62
1 1-08 37 F LC L 2.98 2.97 1.90
2 2-01 45 M MC L 2.95 2.98 2.37
2 2-02 45 M MC L 2.94 3.06 2.13
2 2-03 45 M MC L 2.98 2.95 1.78
2 2-04 45 M MC L 3.08 3.01 2.63
3 3-01 37 F LC R 2.89 2.96 1.75
3 3-02 37 F LC R 3.13 2.99 2.35
3 3-03 37 F LC R 2.96 3.02 2.22
3 3-04 37 F LC R 2.79 2.94 1.98
3 3-05 37 F LC R 2.98 3.01 1.79
3 3-06 37 F LC R 2.84 3.12 1.93
3 3-07 37 F LC R 3.07 3.02 1.82
4 4-01 21 F LC L 3.00 3.10 2.04
4 4-02 21 F LC L 2.93 2.96 3.25
4 4-03 21 F LC L 2.92 3.06 0.8
4 4-04 21 F LC L 2.97 3.01 1.84
4 4-05 21 F LC L 2.95 3.06 1.96
4 4-06 21 F LC L 3.05 3.07 2.09
Continued on next page
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Table A.1 – continued from previous page
Patient Specimen ID Age Sex Joint Orientation x-dim y-dim Thickness
- - - - - - mm mm mm
4 4-07 21 F LC L 3.01 3.02 1.56
4 4-08 21 F LC L 2.92 2.95 2.60
4 4-09 21 F LC L 3.01 3.03 2.17
4 4-10 21 F LC L 2.99 2.91 2.09
5 5-01 43 M MC R 3.02 3.35 1.96
5 5-02 43 M MC R 3.02 2.94 1.98
5 5-03 43 M MC R 2.99 3.03 2.19
5 5-04 43 M MC R 3.04 3.12 1.11
5 5-05 43 M MC R 3.01 3.14 1.36
5 5-06 43 M MC R 3.01 2.98 1.92
5 5-07 43 M MC R 3.05 2.95 2.24
5 5-08 43 M MC R 3.08 2.96 2.41
B. Additional Image-Based Assessments
Figure B.1.: Safranin-O stained histological slices of heat-treated samples at (a) 24◦C, (b)
40◦C, and (c) 70◦C.
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Figure B.2.: PicroSirius Red stained histological slices of heat-treated samples at (a) 24◦C,
(b) 40◦C, and (c) 70◦C.
C. Analytic Validation of Simple Shear
Test
The goal of this analytical solution is to ensure our analysis of the cubic tissue specimen
undergoing simple shear isn’t convoluted by tensile stresses present at large strains. Since
the strains applied are large (up to 15%), we must analyze the geometry of the deformed
specimen before testing begins. The triaxial shear testing machine will induce tensile nor-
mal stresses on the top and bottom surfaces because both platens are constrained in the
y-direction, effectively stretching the cartilage in this direction. In Fig. C.1, when the an-
gle γ is large, such as during large applied shear strains, the small-angle approximation in
Eq. C.1 is no longer valid.
The goal of this investigation is to consider two cases, illustrated in Fig. C.1 In the first
case, the y-direction constrains the bottom platen, inducing tension on the specimen and
negating a simple shear test case. In the second case, the bottom platen is unconstrained in
the y-direction, keeping the specimen in simple shear and not causing any normal stresses,
denoted by σy.
Figure C.1.: Model setup showing two cases analyzed
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tan
b
a
≈ b
a
when γ is small (C.1)
C.1. Setup and Boundary Conditions
To successfully model a cubic specimen of human articular knee cartilage, we use an
incompressible, hyperelastic neo-Hookean material. We deform the specimen in the x-
direction by applying a displacement of 0.6 mm (equivalent to 20% of its thickness). This
is the largest shear strain we can apply before the sample ruptures (Maier et al. 2017).
The shear modulus, µ, is 0.25 MPa (Pierce et al. 2016), and the incompressibility param-
eter is 8.00 x 10-3 Pa-1. (Thus, the effective Poisson’s Ratio, ν, is 0.4995, approximately
incompressible. The Poisson’s Ratio is related to the incompressibility parameter and was
therefore not input into the simulation, but is provided here for reference.)
In Case 1, we constrain the bottom plate in the y-direction, the front and back faces in
the z-direction, and the top face in the x- and y-directions. In Case 2, we constrain the
bottom plate in y, and we apply the same boundary conditions for the front, back, and top
faces from Case 1.
C.2. Simulation and Calculation Results
To determine the effect of tensile stresses on the measurement of the shear modulus, a shear
stress-strain plot computes a simulated shear modulus for the material. This simulated
shear modulus, or the slope calculated by Eq. C.2, should match the input modulus of
0.25 MPa. Using data from Cases 1 and 2 to compute a shear modulus from Fig. C.5, the
simulation moduli agree with the input modulus of 0.25 MPa. This simulation validates our
hypothesis that the unconstrained setup will still be able to give an accurate experimental
shear modulus.
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Figure C.2.: Case 1: Constrained bottom plate, total deformation results from ANSYS
Figure C.3.: Case 2: Unconstrained bottom plate, total deformation. Note the reduction in
specimen height as the bottom plate moves upward to avoid inducing tensile
stresses in the y-direction.
We present the simulation data for tensile stresses in the y-direction in Fig. C.4. In
Case 1, where the bottom plate is constrained in the y-direction, the normal stress reaches
0.05 MPa when it reaches 20% shear strain, which is considerable for soft tissues of 3 mm.
Contrasted with Case 2, where the bottom plate is unconstrained in the y-direction, the
normal stresses are on the order of 10−5 MPa, which is negligible. These results indicate
that the preferred mechanical setup is Case 1, which ensures the minute tensile stresses in
the simple shear case do not affect the modulus calculation.
µ =
τ2 − τ1
γ2 − γ1 (C.2)
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Figure C.4.: Tensile stresses in y-direction for both cases
Figure C.5.: Shear stress-strain plot using simulation results used to compute a simulation
shear modulus for validation.
C.3 Comparison to Analytical Solution 67
Table C.1.: Model Validation: Computation of Shear Modulus from Simulation Data
Case 1 Case 2
Shear Stress, τ Shear Strain, γ Slope, µ Shear Stress, τ Shear Strain, γ Slope, µ
MPa - MPa MPa - MPa
0.0099 0.0399 - 0.0089 0.0357 -
0.0200 0.0799 0.2500 0.0179 0.0714 0.2500
0.0350 0.1397 0.2520 0.0313 0.1245 0.2510
0.0502 0.1994 0.2540 0.0447 0.1779 0.2530
- Mean 0.2520 - Mean 0.2510
C.3. Comparison to Analytical Solution
This problem can be simplified and conceptualized using Mohr’s circle. The stress el-
ements represented for each case use a negative τ xy using the common sign convention
shown below. In case 1, σy would be a nonzero value that shifts Mohr’s circle to the right
on the horizontal axis only slightly. In case 2, σy is zero, using the assumption that the
cube is in simple shear.
In case 1, the magnitude of the horizontal shift is exaggerated for clarity in the diagram,
but in reality σy is extremely close to the y-axis, and τmax can be approximated as τ xy. This
approximation is validated from the experimental results in Fig. C.5, where the maximum
shear stresses for both cases reach about 0.05 MPa after rounding.
We thus validated that the bottom platen does not need to move in the y-direction to com-
pute an accurate shear modulus. We validated the simulation results by calculating a shear
modulus that matched the input shear modulus of the tissue. Additionally, the results are
consistent with a conceptual representation using Mohr’s circle, where the circle is shifted
for the constrained case by a small, almost negligible amount. We are confident that the
mechanical testing results will generate a valid measure of the shear modulus.
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Figure C.6.: Analytical validation of model results using Mohr’s circle for (a) Case 1 (bot-
tom plate constrained), and (b) Case 2 (bottom plate unconstrained).
